The isoform 1 of cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) from Paenibacillus sp. A11 was purified by a preparative gel electrophoresis. The importance of histidine, tryptophan, tyrosine, and carboxylic amino acids for isoform 1 activity is suggested by the modification of the isoform 1 with various groupspecific reagents. Activity loss, when incubated with diethylpyrocarbonate (DEP), a histidine modifying reagent, could be protected by adding 25 mM methyl-β-cyclodextrin substrate prior to the modification. . It was discovered that methyl-β-CD protected per mole of isoform 1, two histidine residues from the modification by DEP. To localize essential histidines, the native, the DEP-modified, and the protected forms of isoform 1 were digested by trypsin. The resulting peptides were separated by HPLC. The peptides of interest were those with R t 11.34 and 40.93 min. The molecular masses of the two peptides were 5,732 and 2,540 daltons, respectively. When the data from the peptide analysis were checked with the sequence of CGTase, then His-140 and His-327 were identified as essential histidines in the active site of isoform 1.
Introduction
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CGTase from Paenibacillus sp. A11 contained 4 isoforms, discovered by the work of our group (Kaskangam, 1998) . They were separated by preparative gel electrophoresis. Each isoform had the same molecular weight of 72 kDa, but with different pI, product ratio, and carbohydrate content. Isoform 1 with the highest pI value of 4.73 was the major form. The aim of the present work is to investigate the active site of CGTase isoform 1. This study will lead to more insights into understanding the multiple forms of the enzyme as well as the ability to compare it with other CGTases.
Materials and Methods
Chemicals and bacterial strain All of the chemicals that were used were purchased from Sigma Chemical Co. (St. Louis, USA). Paenibacillus sp. A11 isolated from South-East Asian soil, was screened for CGTase activity by Pongsawasdi and Yagisawa (1987 (Kato and Horikoshi, 1984) , and then concentrated by ultrafiltration before loading on a preparative gel electrophoresis Model 491 Prep cell (Bio-Rad, Hercules, USA). The electrophoresis was run from cathode towards anode at a constant power of 12 W (Kaskangam, 1998) . The proteins were eluted from the gel with an electrode buffer at a flow rate of 1 ml/min. Fractions of 2.5 ml were collected and measured for A 280 and CGTase activity. Every 5 fractions were run on slab gels and stained for dextrinizing activity. Then the fractions that gave the electrophoretic band with the same mobility were pooled. Isoform 1 was the last pool, due to having the least negative charge when compared to other isoforms. 
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Determination of the number of essential histidine residues of CGTase isoform 1 To measure the number of DEP-modified histidine residues of the CGTase isoform 1 in the presence and absence of the protective substance, the differential increase in the absorbance at 246 nm between the two conditions was followed (Wakayama et al., 1996 ) . The reaction was performed in a 1-cm pathlength quartz cuvette, consisting of 0.325 mM DEP and 0.05 g/l CGTase isoform 1 in the presence or absence of 25 mM methyl-β-CD. The protection time was 5 min, while the modification time was 30 min. The cuvette was put into the sample chamber of a spectrophotometer, and the temperature inside was set at 40 o &. The absorbance at 246 nm was then recorded. The number (n) of modified histidine residues was calculated by using the following equation:
where M r is the molecular weight of the CGTase isoform 1 which is 72,000 (Kaskangam, 1998) , Wakayama, 1996) , and C is the CGTase isoform 1 concentration (g/l).
Digestion of isoform 1 and separation of peptides
Three forms of isoform 1 (native, DEP-modified, and protected forms) were digested by trypsin at a ratio of 1 : 80 (w/w) in a 0.2 M Tris-HCl buffer, pH 8.0, for 18 h at 37 o C (Delforge et al., 1997) . Then a desalting column was used to separate the peptides from the other reagents in the reaction mixture. The fractions that contained the peptides were pooled, lyophilized, and dissolved in 60 µl of ultra pure water before filtration with a 0.22 µm filter. The peptides were then separated by a reversed phase HPLC on a C 18 column (0.46 × 25 cm) that was previously equilibrated with solvent A. Solvent A was 0.1% (v/v) trifluoroacetic acid in water. Elution was made by mixing solvents A and B. Solvent B was the mixture of 0.1% (v/v) trifluoroacetic acid in water and acetronitrile at the ratio of 1 : 3. The elution of HPLC was carried out at a flow rate of 1 ml/min. The detection of peptides was performed at 210 and 246 nm. Injecting the ultra pure water alone, under the same chromatographic conditions, was also performed as a control. The eluted peptides were collected and either frozen at −80 o C or lyophilized for further analysis.
Mass analysis of peptides
Peptides of interest were dissolved in a solution of acetronitrile: 0.02% formic acid in water (50 : 50), and their masses were determined by mass spectrometer. The sample from the HPLC column was introduced into the Mass Spectrometer: TOF ESI-MS system by the electrospray ionization method. The ions were detected by a time-of-flight mass analysis and the m/z ratio was determined with the on-line analyzer. The molecular mass was calculated according to Siuzdak, 1996. Amino acid sequence determination of peptides Prior to the amino acid sequencing, the interested peptide peaks from HPLC were concentrated using Speedvac. Amino acid residues were analyzed from the N-terminus by Edman degradation reaction. The peptide samples were hydrolyzed with 6 M HCl that contained 1% phenol (v/v) 
Results
Chemical modification of CGTase isoform 1 When isoform 1 was incubated with various group-specific reagents, it was discovered that all of the activity was lost in the presence of 1 mM DEP or NBS (Table 1) . Partial activity loss was observed when incubated with EDC and NAI. This indicates the importance of histidine, tryptophan, carboxylic amino acids, and tyrosine on the enzyme activity. The ineffectiveness of NEM, IAM, DTT, TNBS, and PMSF suggests that cysteine, lysine, and serine were not at the enzyme active site. From the chemical modification result, it appeared that histidine was a very important residue in the enzyme catalysis; therefore, we investigated its presence at the active site. Inactivation kinetics and substrate protection experiments were then carried out.
Inactivation kinetics of CGTase isoform 1 with DEP
The incubation of the CGTase isoform 1 with varying DEP concentrations (0-1.0 mM) at pH 6.0 and 40 o C resulted in a time-dependent loss of CGTase isoform 1 activity. When the CGTase isoform 1 was incubated with 1.0 mM DEP for 5 min, the residual activity was 10%. And at every DEP concentration, the activity loss was exponential with the incubation time. The pseudo first-order rate constants (k inactivation ) of these inactivation kinetics were determined from the slope of the plot between the logarithm of relative residual activity (%) versus time at different DEP concentrations (Fig.  1A) . A straight line was obtained for the plot of k inactivation versus the DEP concentration, and the second-order rate constant was 29.5 M −1 s −1 (Fig. 1B) . The double logarithmic plot of k inactivation versus the DEP concentration gave a slope value of 0.84.
Protection of inactivation by substrate
The suitable DEP concentration and inactivation time were 0.325 mM and 5 min at 40 o C. At these conditions, approximately 50% activity was retained. To determine whether the histidine residue was involved at the active site of isoform 1, the modification DEP in the presence or absence of the substrate was compared. Table 2 shows that the modification by 0.325 mM DEP led to a 50.4% loss of isoform 1 activity. When isoform 1 that was preincubated with the substrate was modified by DEP, the loss of isoform 1 activity was partially reduced. In the presence of methyl-β-CD, the activity loss was 26%.
Determination of the number of essential histidine residues of CGTase isoform 1
The specificity of the DEPmodified reaction for the histidine residue was shown by the correlation between the loss of isoform 1 activity and the increase in absorbance at 246 nm, which indicates the formation of N-carbethoxyhistidine (Wakayama et al., 1996) . The absorption spectra of isoform 1 before and after DEP modification are shown in Fig. 2 . The number of histidine residues which were modified by 0.325 mM DEP were determined from the increase in the absorbance at 246 nm, using an extinction coefficient of 3,200 M
. The result shows that 8.5 histidine residues per mole of isoform 1 were modified by 0.325 mM DEP when the enzyme was incubated with DEP only. The number of modified histidine residues decreased to 6.5 in the presence of methyl-β-CD as a protective substrate. Hence, methyl-β-CD could protect two histidine residues per mole of isoform 1 from the modification by DEP.
Digestion of isoform 1 and separation of peptides
To localize the essential histidines, three forms of isoform 1 (native, DEP-modified, and methyl-β-CD protected prior to the modification) were digested by trypsin. The HPLC profiles of the peptides are shown in Figs. 3 and 4 . The peptides detection was performed at 210 nm (Fig. 3) , while the detection of the modified-histidine product was followed at 246 nm (Fig. 4) . When these profiles were compared, it was found that the peaks eluting at R t 11.34 and 40.93 min (Fig.  3B ) appeared when isoform 1 was modified with DEP, while the peaks at R t 8.69 and 15.48 min (Fig. 3A) disappeared. A comparison of Figs. 3C with 3B confirmed the importance of these peaks. The peak eluting at R t 11.34 min decreased. The one at R t 40.93 min disappeared when isoform 1 was protected with methyl-β-CD prior to DEP-modified. However, the peaks at R t 8.69 and 15.48 min increased in Fig. 3C . The appearance and disappearance of these peaks were confirmed at 246 nm (Fig. 4) which was a specific wavelength to follow the modification with DEP. The profile comparison showed that the peaks eluting at R t 11.34 and 40.93 min (Fig. 4B ) appeared when isoform 1 was modified with DEP, while these peaks were not seen in Fig. 4A . When comparing Fig. 4C with 4B, the peaks that eluted at R t 11.34 and 40.93 min decreased when isoform 1 was protected with methyl-β-CD prior to DEP-modified. From these results, the peptides from the peaks at R t 11.34 and 40.93 min (Fig. 3B) should contain essential histidines since they were confirmed by absorbance at 246 nm. These peaks were then pooled and submitted to mass determination and N-terminal sequence determination for further characterization.
Mass analysis of peptides
The peaks eluting at R t 11.34 and 40.93 min were dissolved in a solution of acetonitrile : 0.02% formic acid (50 : 50), then injected into mass spectrometer and their mass spectra were obtained. The peaks at R t 11.34 and 40.93 min were calculated to have molecular masses of 5,732 and 2,540 Da, respectively. Numbers under I and II are duplicate values.
Fig. 2.
Absorption spectra of CGTase isoform 1 before and after the modification with DEP. For control, CGTase isoform 1 (100 µg/ml) ( 0) or DEP 0.65 mM (:) were separately scanned. After a modification of 0-30 min (0 min 1, 10 min ð, 20 min ;, and 30 min í ), the modified CGTase isoform 1 from each incubation time was scanned at the same wavelength range.
Determination of N-terminal sequence of peptides
The amino acid sequence of the N-terminus of the two peptides of interest, the R t 11.34 and 40.93 min peaks, were determined by automated Edman degradation using the peptide sequencer. For the peak eluting at R t 11.34 min, the sequence F A Q K was identified. Also, the determined sequence for the peak eluting at 40.93 min was V I I D F A P N *H T.
Localization of essential histidines
The position of essential histidine within the 40.93 min peptide peak was localized at His-140 when the overall information, including the size from mass spectra, the N-terminal sequence of the two peptides, and the action of trypsin (which is known to cleave the C-terminal of lysine and Arginine) was analyzed. Figure 5 shows the positions of the tryptic cleavage to generate peptide of an approximate size of 25 amino acids.
Trypsin cleaved at the C-terminal of Lys-131 and Arg-156. In this peptide, histidine (His-140) was at position 9 from the Nterminus. For the peptide peak at R t 11.34 min with the Nterminal sequence F A Q K, the positions of the tryptic cleavage were at the C-terminal of Arg-284 and Arg-331 (Fig.  5 ). This peptide contained exactly 47 residues, equal to the number that was estimated from the mass determination. One histidine (His-327) was found at position 43 from the Nterminus.
Discussion
CGTase isoform 1 activity from Paenibacillus sp. A11 was Fig. 3 . HPLC chromatograms at 210 nm of the tryptic peptides of CGTase isoform 1. Digested products of (A) native isoform 1, (B) DEP-modified isoform 1, and (C) isoform 1 protected by methyl-β-CD prior to DEP-modification. Fig. 4 . HPLC chromatograms at 246 nm of the tryptic peptides of CGTase isoform 1. Digested products of (A) native isoform 1, (B) DEP-modified isoform 1, and (C) isoform 1 protected by methyl-β-CD prior to DEP-modification.
completely inactivated by 1 mM DEP. The activity could be protected when the 25 mM methyl-β-CD substrate was added prior to the modification. This result suggests the involvement of histidine at the enzyme active site. Inactivation kinetics was followed by the plot of the logarithm of remaining activity versus time at different reagent concentrations. It was found that the activity decreased with increasing time and DEP concentration, indicating the pseudo first-order kinetics of inactivation. The plot of k inactivation versus DEP concentration gave a straight line, which suggests that the chemical modification was the result of a simple bimolecular reaction. The slope value of 0.84 from the double logarithmic plot of k inactivation versus DEP concentration indicates the inactivation results from the reaction of approximately 1 mol of DEP with 1 mol of enzyme (Levy et al., 1963) . From the comparison of the HPLC profiles of the tryptic digests of the native isoform 1, DEP-modified, and methyl-β-CD protected from prior to the DEP-modification [as monitored by absorbance at 210 nm for peptides and 246 nm for modified-histidine (N-carbethoxyhistidine)], the peaks at R t 11.34 and 40.93 min were selected for analysis since they showed a significant difference in the peak height among Figures 3A, B , and C. This difference was also confirmed in Figures 4A, B , and C. It may be proposed that the peaks at R t 8.69 and 15.48 min in the native isoform 1 (Fig. 3A) , which disappeared upon DEP-modification (Fig. 3B) , became the peaks at R t 11.34 and 40.93 min. This proposal is possible since DEP-modification led to an increase in the hydrophobicity of the peptide (Means and Feency, 1971) ; the peaks at R t 11.34 and 40.93 min are less polar than the peaks at R t 8.69 and 15.48 min, respectively. The molecular mass that was determined by mass spectrometry of the peptide peaks eluting at R t 11.34 and 40.93 min were 5,732 and 2,540 daltons, respectively. The number of amino acids in the two peptides were then estimated to be about 47 and 25 residues, using the assumption that the average molecular mass of amino acids was in the range of 100-120 daltons (Voet and Voet, 1990) . When the N-terminus sequences of both peptides were determined, the sequence F A Q K and V I I D F A P N H T were obtained. These data, in combination with the proposed tryptic cleavage sites, were then fitted into the deduced amino acid sequence of CGTase that was reported by Rimphanitchayakit (2000) (Fig. 5) . Two histidines, His-140 and His-327, were then identified as essential residues of the CGTase isoform 1 from Paenibacillus sp. A11.
CGTase sequences that were previously reported, demonstrated four conserved regions, which were designated as regions A, B, B', and C, respectively (Wind et al., 1995) . Three conserved regions contained histidine residues (Fig. 5) . It should be noted that a similar pattern of conserved histidine residues was demonstrated in K. pneumoniae and some species of Bacillus. From the three-dimensional structure of B. stearothermophilus CGTase, His-140 and His-327 bound the same glucose unit of amylose; whereas His-233 bound a different one (Kubota et al., 1991) . Nakamura (1993) reported that the three histidine residues (His-140, His-233, and His-327) of CGTase from alkalophilic Bacillus sp. 1011 were essential histidine residues in the active center of the enzyme. His-327 was important for catalysis over an alkaline pH range, because a decrease in activity was observed when the replacement of His-327 by the asparagine residue was performed. For His-140 and His-233, different roles in catalysis could not be clarified. In this study, only two essential histidines, His-140 and His-327, were identified in the active site of the CGTase isoform 1 from Paenibacillus sp. A11. The result from an analysis of the peptides confirmed the data that was produced by spectra analysis and calculation of the active site histidines, which also suggested two histidine residues. His-233 was not identified, which means it may not be at the active site of isoform 1, or the techniques of chemical modification and substrate protection could not identify this residue. Another alternative is that the peptide that contains this residue may be one of the small peaks (Fig. 3A) , due to the inconsistency of the trypsin digestion at the cleavage site which gave rise to the peptide. When the peptide peak was small, it was impossible to see the differences of the peak among the native, modified, and protected forms of the enzyme. To prove the importance of His-233, the use of other hydrolytic enzymes with different cleavage sites may be tried. The technique of the site-directed mutagenesis may also be used for further identification.
